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Transfer hydrogenation (TH) reactionthe addition of hydrogen to an unsaturated group of an organic molecule from a source other than H 2has been gaining a lot of attention as it is an appealing alternative to direct hydrogenation. 1 The reasoning behind it is the elimination of pressurised hydrogen and high pressure equipment use. Besides, a conventional hydrogenation catalyst is rarely selectiveany present unsaturated or oxidised functional group is exposed to reduction, resulting in, most of the time, a fully hydrogenated product or a mixture of products. Exceptions for highly chemoselective hydrogenation catalysts exist, such as noble metal nanoparticles supported on metal oxides or encapsulated inside metal-organic frameworks. [2] [3] [4] In contrast with conventional hydrogenation, TH allows the reaction to be performed selectively, aiming for a specific unsaturated bond and leaving the rest of the original molecule intact.
A conventional TH catalyst is a transition metal complex; among different metals, iridium is the most active one. Ir complexes involving a N-heterocycle carbene ligand, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] or halfsandwich complexes with a Cp* ligand [17] [18] [19] [20] [21] [22] are typical examples. Moving from soluble organometallic compounds to materials that remain solid under the reaction conditions, facilitates separation and enables recycling. There exist a number of works on heterogeneous TH systems, including magnetic nanoparti-cle-, [23] [24] [25] [26] polymer-, [27] [28] [29] [30] [31] [32] [33] graphene-, 34, 35 carbon nanotube-, [36] [37] [38] silica-, [39] [40] [41] [42] [43] [44] [45] zeolite- [46] [47] [48] [49] or oxide-supported 50-55 catalysts.
Recently, Porous Organic Frameworks (POFs) have been gaining attention within catalytic and other applications. 56, 57 Covalent Triazine Frameworks (CTFs), a subclass of POFs, are highly porous and stable solids made by trimerisation of aromatic nitriles. 58, 59 CTFs are rich in nitrogen functionalities, and their distribution can be varied by using different building blocks. Starting from a pyridine containing building unit, quasibipyridine moieties become available in the final material. Bipyridine is a widely-applied ligand in organometallic chemistry; its presence within a framework enables anchoring of a transition-metal complex. Following this approach, a number of molecular heterogeneous catalysts were developed for a range of different catalytic reactions by several research groups. [59] [60] [61] [62] [63] [64] [65] [66] [67] Recently, we developed a CTF based catalyst which is highly active in the reversible formic acid (FA) dehydrogenation reaction. 60, 61 Applying different conditions, the same catalyst is active in both hydrogen production from FA and hydrogen storage by reaction with carbon dioxide. Both these reactions proceed via iridium-hydride bond formation. In this work, we report the use of a similar Ir@CTF material as a base free catalyst for the transfer hydrogenation (TH) reaction ( Fig. 1) .
The commercially available iridium precursor [IrCp*Cl 2 ] 2 is coordinated to bipyridine moieties within the framework, resulting in an air-and moisture-stable Ir@CTF catalyst. The inert atmosphere was required only during the catalyst preparation. Once IrCp* was coordinated, the catalyst can be stored at an ambient atmosphere without losing activity. In order to coordinate iridium to the framework, an aqueous solution of [IrCp*Cl 2 ] 2 was prepared, in which CTF powder was suspended and stirred. The conventional approach of removing the poisoning chlorine ions by precipitating them with silver cations was ruled out to avoid the precipitation of AgCl within the pores of the material. Instead, HCl was complexed with dimethylformamide, and subsequently washed out. 68 The SEM/ EDX analysis confirmed that no chlorine was present in the final catalyst. Triflic acid was added during the washing steps to enable the charge balance between Ir 3+ and weakly coordinated (OTf − ) anions. Due to the insoluble nature and the black color of the CTF solids, catalyst characterization was limited to its structural properties, TGA (see Fig. S1 †), SEM (see Fig. S4 †), XPS and elemental analysis. The iridium content determined by ICP-OES was 2.4 wt% Ir in the catalyst. Table 1 summarizes the results of elemental analysis and the BET surface area of CTF and Ir@CTF. The framework employed was constructed solely from pyridinedicarbonitrile, resulting in the fully microporous material. Though the BET surface area decreased after introducing the bulky complex, it was still large enough to be accessible to physisorbed N 2 . XPS analysis (Fig. 2 ) indicated that Ir was in the oxidation state 3+, 69 and the measurements on the spent catalyst confirmed that the oxidation state remained unchanged after several catalytic runs (see Fig. S3 †) .
In order to evaluate the catalytic activity of Ir@CTF as a TH catalyst, we considered the redox isomerisation of an allylic alcohol into the corresponding saturated carbonyl compound. Conversion of allylic alcohols into saturated ketones is usually carried out in two steps, involving sequential hydrogenation of the CC bonds and dehydrogenation of the alcohol, which usually requires further protection and deprotection steps. Therefore, the one-pot isomerisation represents an attractive alternative (see Scheme 1) . 70 This reaction can be considered as an intramolecular TH reaction, in which hydrogen is transferred from the alcohol moiety to the CC bond. Various metals from groups 8, 9, and 10 (including Ir) are known to catalyse this reaction, mostly in the form of homogeneous catalysts. 70 However, a few examples exist for transition metal complexes immobilised on suitable supports, such as RuĲOH) x supported on alumina, 71 a cationic rhodium complex supported on mesoporous silica 72 and, very recently, an iridium N-heterocyclic carbene (NHC) introduced into a metal-organic framework. 73 Isomerisation of allylic alcohols is usually carried out in the presence of additives, such as bases or hydrogen acceptors, to promote the reaction.
In the present study, we have selected 1-octene-3-ol as a model allylic alcohol. Then, we first brought into contact the alcohol (40 mg, 0.31 mmol) with the Ir@CTF material (10 mg, corresponding to 0.40 mol% Ir with respect to the substrate) in toluene (1 mL) at 120°C under an inert atmosphere (N 2 , 2 bar). No further additives were used in the reaction. Under these conditions, a conversion of 83% of the alcohol was obtained after a reaction of 48 h with a 78% selectivity to the saturated ketone (final yield of 65%). Besides 3-octanone, another product formed (in 13% yield), which most likely corresponds to the intermediate enone (1-octen-3-one). 70 Table 2 compares the performance of the Ir@CTF catalysts with those of other catalysts recently reported in the literature.
In order to improve the catalytic performance of our Ir@CTF material, we carried out a screening of various solvents. In particular, considerably better results were obtained when toluene was replaced by 2-propanol under identical conditions. Fig. 3 shows the corresponding time-conversion plot obtained.
The reaction was much faster when isopropanol was used as solvent, attaining a 98% conversion for 1-octen-3-ol after only 23 h, with 82% yield of the target 3-octanone, resulting in a turnover frequency (TOF) of 24 min −1 . As the reaction time increased, a secondary product was also observed to develop, which corresponds to the saturated alcohol, 3-octanol. This most likely originated from the further reduction of the saturated ketone through a Meerwein-Ponndorf-Verley TH catalysed by Ir in which isopropanol acted as the hydrogen source to form acetone. As a consequence, the overall selectivity to 3-octanone progressively decreased from >99% at a short reaction time to 83% at the maximum conversion, which was still above the maximum selectivity obtained when toluene was used as solvent (i.e., 78%). Note that the major by-product observed when toluene was used as solvent was the corresponding enone intermediate (1-octen-3-one), which is responsible for the relatively low selectivity attained (78%). When isopropanol was used as solvent, accumulation of the enone in the reaction medium was no longer observed, since it was rapidly converted into the final product, 3-octanone. This may indicate that isopropanol can act as a hydrogen donor solvent, thus assisting the fast conversion of the intermediate enone into the final 3-octanone product, resulting in an overall increment of the selectivity (83%). Given the better performance observed, all further catalytic studies were carried out in isopropanol as solvent.
According to the data shown in Fig. 3 , the turnover frequency (TOF) of the Ir@CTF catalyst (calculated at a short reaction time) was 24 min −1 . Although this value is far from the performance attained with various IrĲI) transition metal complexes, 74, 75 Ir@CTF clearly outperformed other catalysts containing IrĲIII). Thus, for instance, Sasson et al. reported the conversion of the same allylic alcohol over IrCl 3 and K 3 ĳIrCl 6 ] at 80°C in a biphasic H 2 O/toluene system, reaching TOFs of 14 and 10 min −1 , respectively. 76 In a recent report by Martín-Matute and co-workers, 73 a maximum yield of 65% 3-octanone was obtained after 48 h over an IrĲIII)-NHC complex supported in a metal-organic framework (toluene, 100°C and 4 mol% Ir). The catalytic results obtained with this Ir-NHC-MOF improved upon addition of bases (NaHCO 3 or K 2 CO 3 ) but the amount of Ir that leached into the solution increased considerably and the crystallinity of the MOF support decreased significantly.
It is important to stress that Ir@CTF can catalyse the redox isomerisation of allylic alcohols without the need for additives. Most likely, CTF is not just an inert support to disperse the Ir III Cp* metal complexes. Rather, the presence of the pyridine molecules of the support (pK b = 7.8) will play an active role as co-catalysts in the isomerisation reaction, by assisting in the initial alcohol deprotonation and coordination to the Ir centres to form the initial metal enolate.
Reusability studies of the Ir@CTF material using isopropanol (i-PrOH) as solvent were performed for up to six consecutive runs, and the results are shown in Fig. 4 . Between two consecutive catalytic runs, the solid was recovered by filtration, washed with i-PrOH, and dried at room temperature. Only a slight decrease of activity was observed over the first three runs (the maximum conversion after 22 h dropped from 99% to 97%, Fig. 4 ), while a more pronounced decrease The reaction was carried out at 120°C under an inert atmosphere (N 2 , 2 bar) using isopropanol as solvent. Fig. 4 Conversion and selectivity to 3-octanone for six consecutive catalytic runs. The reaction was carried out at 120°C under an inert atmosphere (N 2 , 2 bar) using isopropanol as solvent.
of activity was observed starting from the fourth cycle. According to XPS analysis of the material recovered after the reactions, the 3+ oxidation state of Ir was maintained. Analysis of the filtrate after the first cycle revealed that some Ir leaches from the solid into the solution, which amounts to 3.6% of the total Ir used. This was most likely due to the additional washing during the reaction of some loosely bound Ir species in the Ir@CTF material. However, no significant amounts of Ir were detected in the filtrate after the second catalytic run (<1% of the total Ir). Therefore, the catalyst deactivation observed upon reuse was (mainly) attributed to a build-up of adsorbed products on the catalyst surface, progressively blocking the active sites. Meanwhile, the selectivity to the ketone was maintained (or slightly increased) upon consecutive reuses.
Conclusions
A nitrogen rich covalent framework constructed from pyridinedicarbonitrile building block allows a molecular heterogeneous catalyst to be obtained, where CTF plays the role of the scaffold and the base. The Ir@CTF catalyst allows straightforward handling and recycling under ambient conditions.
